A series of bridged 2,2-bi(1,3,4-oxadiazole) energetic derivatives were designed and their geometrical structures, electronic structures, heats of formation, detonation properties, thermal stabilities and thermodynamic properties were fully investigated by density functional theory. The results showed that the -N 3 group and the -N-bridge play an important role in improving heats of formation of these 2,2-bi(1,3,4-oxadiazole) derivatives. The calculated detonation properties indicated that the -NF 2 group and the -N-bridge were very useful for enhancing the heats of detonation, detonation velocities and detonation pressures. Twenty-four compounds were found to possess equal or higher detonation properties than those of RDX, while 14 compounds had equal or higher detonation properties than those of HMX. The analysis of the bond-dissociation energies suggested that the -CN group was the effective structural unit for increasing the thermal stabilities while the -NHNH 2 group decreased these values.
Introduction
Nitrogen-rich energetic materials with high densities, high positive heats of formation, excellent detonation properties (detonation velocity and detonation pressure) and acceptable thermal stabilities have gained considerable attention in the area of high-energy-density materials. [1] [2] [3] [4] [5] [6] [7] Five-or six-numbered heterocyclic compounds were found to be one of the most effective structural units for synthesizing high-energetic-density materials. Not surprisingly, 1,2,4-oxadiazole, 1,2,5-oxadiazole, 1,3,4-oxadiazole, and 1,2,3-oxadiazole, which are named as oxadiazoles, contain this type of structure with a nitrogen content of 40%. To the best of our knowledge, a large number of 1,2,4-oxadiazole and 1,2,5-oxadiazole (furazan)-based energetic materials are synthesized and their properties are fully investigated, while there has been fewer research on either 1,3,4-oxadiazole or 1,2,3-oxadiazole-based energetic materials.
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Additionally, 1,2,3-oxadiazole is also presented as an unstable structure, which reverts to the diazoketone tautomer.
12 Consequently, 1,3,4-oxadiazole and their derivatives may offer good backbones for the development of new energetic compounds. Recently, a promising high-energy-density material based on 1,3,4-oxadiazole (Scheme 1, ICM-101) was synthesized with excellent detonation properties (r, 1.99 g cm À3 ; D, 9481 m s
À1
and P, 41.9 GPa) and thermal stabilities (T d , 210 C). 13 Then, it led to the idea of what changes will happen if other energetic groups and bridges were introduced to the bi-1,3,4-oxadiazole structure.
In this study, a systematic research on the heats of formation, electronic structures, detonation properties, thermal stabilities and thermodynamic properties of 1,3,4-oxadiazole bridged compounds (such as -CH 2 -, -NH-, -O-, -CH 2 -CH 2 -, -CH]CH-, -NH-NH-and -N]N-) with various energetic groups (such as -CN, -N 3 , -NO 2 , -NF 2 , -NH 2 , -NHNO 2 , -NHNH 2 , -CH(NO 2 ) 2 and -C(NO 2 ) 3 ) (Scheme 2, series A-H) were reported.
Computational methods
The density functional theory (DFT) method has been demonstrated as an economical and liable tool in predicting the physicochemical properties of energetic materials. Studies on the optimized molecular structures, accurate energies, frontier molecular orbitals, heats of formation, vibrational frequencies, energetic properties, bond dissociation energies and thermodynamic parameters of the designed compounds were carried out by using the hybrid DFT/B3LYP functional with the 6-311G(d,p) basis set. 14, 15 All the calculations were performed on the Gaussian 03 soware 16 and the optimized structures were characterized to be the local energy minimum on the potential energy surface without imaginary frequencies.
Heat of formation (HOF) was an important parameter in evaluating the energetic properties of an energetic material.
Herein, isodesmic reactions were designed to predict the accurate gas-phase HOFs (DH f,gas ) of the designed compounds. This is because, isodesmic reactions [17] [18] [19] [20] [21] can decrease the calculation errors of HOF greatly since all kinds of bonds and electronic environments of atoms in the reactants and products are very similar. The isodesmic reactions and related equations were presented in the following form (Scheme 3):
where DH 298 K is the HOF that needs to be calculated, DH f,p and DH f,R are the HOFs of products and reactants, respectively, DE 0 is the energy change between products and reactants, DZPE is the difference between the zero-point energy (ZPE) of the products and reactants, DH T is the thermal correction from 0 to 298 K, n is the number of energetic groups and D(PV) equals to DnRT. Also, it should be noted that the HOFs of familiar species such as CH 4 Furthermore, HOFs of the energetic materials were always in the solid-phase, while HOFs that were obtained from the isodesmic reactions were in the gas-phase. According to Hess's law of constant heat summation, the values of DH f,gas and heat of sublimation (DH sub ) can be used to evaluate the accurate data of solid-phase HOFs (DH f,solid ) based on the following equation:
where, DH sub is the heat of sublimation. Politzer et al. proposed that DH sub can also be correlated with the molecular surface area A and the electrostatic interaction index vs tot 2 by the empirical expression:
where, a, b and c are coefficients and represented as 2.670 Â 10 À4 kcal mol À1ÅÀ4 , 1.650 kcal mol À1 , and 2.966 kcal mol À1 , respectively; 25 A is the surface area of the 0.001 e bohr À3 isosurface of electronic density of the molecule; n is the degree of balance between positive and negative potential on the isosurface; s tot 2 is the measure of variability of the electrostatic potential on the molecular surface. Densities (r) that were used to calculate the detonation velocity and detonation pressure were obtained by an improved equation proposed by Politzer et al.:
where b 1 , b 2 , and b 3 are coefficients and represented as 0.9183, 0.0028, and 0.0443, respectively, M stands for the molecular mass (g mol À1 ), V stands for the volume of a molecule (m 3 mol À1 ), n stands for the degree of balance between positive and negative potential on the isosurface and s tot 2 stands for measure of variability of the electrostatic potential on the molecular surface.
Energetic properties (detonation velocity and detonation pressures) were estimated by the Kamlet-Jacobs equations:
where D is the detonation velocity (km s À1 ); P is the detonation pressure (GPa); N, M and Q are the moles of detonation gases per-gram explosive (mol g À1 ), the average molecular weight of these gases (g mol À1 ) and heat of detonation (cal g À1 ),
respectively. Bond dissociation energy (BDE), which is regarded as the strength of bonding, was an important indicator in predicting the way of bond cleavage and the thermal decomposition mechanism of high-energy-density materials. The homolytic BDEs were calculated as follows:
The BDEs with zero-point energy (ZPE) corrections were nally calculated based on the following equation:
where DE ZPE is the difference between the ZPEs of the products and the reactants.
Results and discussion

Electronic structures
The frontier molecular orbital which means the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO), can provide useful information on optical polarizability, kinetic stability and chemical reactivity.
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The frontier molecular orbital energies and their energy gaps (DE LUMO-HOMO ) for the designed compounds are listed in Table  1 . For each series, it is found that the HOMO energy levels increase evidently while the -NH 2 and -NHNH 2 groups are introduced to the rings. Oppositely, the HOMO energy levels decrease when attaching with other groups, especially the -NF 2 and -C(NO 2 ) 3 groups. The same is true for the LUMO energy levels. The inuence of energetic groups on the sequence of the HOMO and LUMO energy levels can be written as follows:
Scheme 3 The designed isodesmic reactions for each series of compounds.
z -C(NO 2 ) 3 . Furthermore, the HOMO and LUMO energy levels present no regularity when different bridges are incorporated. The case is that, the LUMO energy levels decrease when -CH] CH-and -N]N-bridges are added, whereas the attaching of -CH 2 -and -O-bridges decreases the HOMO energy levels. Also, it should be noticed that the HOMO energy levels of series E (-CH 2 -CH 2 -bridged ones) show no regularity compared with series A. Overall, incorporating different energetic groups and bridges into the rings shows different variation trends of HOMO and LUMO energy levels. It indicates that both the energetic groups and bridges interact with the frontier molecular orbitals. 
In view of all the designed compounds, In other words, it is to say that compound H7 was the most reactive under external stimulus while compound E5 showed inertia to these stimuli.
Heats of formation
Heat of formation (HOF), which is usually taken as the indicator of the "energy content", is an important parameter in predicting the detonation properties (especially the heat of detonation) of an energetic material. Therefore, the accurate HOFs were predicted by either atomization reactions (mainly for small molecules) or isodesmic reactions (mainly for the title compounds). Table 2 lists the total energies, ZPEs, and thermal corrections for the reference compounds in the isodesmic reactions. Table 2 Calculated total energies (E 0 ), zero-point energies (ZPE), thermal corrections (H T ) and heats of formation (HOFs) of the reference compounds Table 3 Calculated total energies, thermal corrections, zero point energies, molecular properties and heats of formation of the designed compounds 
Obviously, the -NH-bridge is the most effective link in improving the DH f,solid for the 2, 2-bi(1,3,4-oxadiazole) derivatives while the -O-bridge link has the opposite effect. The substituted derivatives with the conjugated bridges (-CH]CH-or -N]N-) have higher DH f,solid than those of the corresponding ones with the unconjugated bridges (-CH 2 -CH 2 -or -NH-NH-). This may be caused by the large conjugated system that is built by 2,2-bi(1,3,4-oxadiazole) and the conjugated bridge. For each of the series, DH f,solid increases evidently when the parent molecules are substituted by the -N 3 group, whereas the opposite is true for the -NH 2 substituent. The inuences of the different energetic groups on DH f,solid can be written in the following order for series B-H:
while that for series A can be presented as follows:
Overall, all the results reveal that the effects of the bridged links on the DH f,solid values of the designed compounds were coupled to those of the substituted energetic groups.
Detonation properties
The detonation properties that are related to oxygen balance (OB), density (r), heat of detonation (Q), detonation velocity (D) and detonation pressure (P) are summarized in Table 4 F9 , G4, G6,G9, H4, H6 and H9) were found to have superior densities to that of RDX while 9 compounds (A4, A9, B4, C4, D4, D9, E4, F4, G4 and H4) were found to have superior densities to that of HMX; 24 compounds (A4, A6, A8, A9, B4, B9, C2, C3, C4, C5, C6, C7, C8, C9, D4, D8, D9, E9, F4, F9, G4, G9, H4 and H9) were found to possess equal or higher detonation velocities and detonation pressures than those of RDX while 14 (A4, A9, B9, C2, C3, C4, C6, C8, C9, D4, D8, D9, G4 and H4) compounds have equal or higher detonation velocities and detonation pressures than those of HMX. Fig. 3 displays the variation trends of r, Q, D and P of the designed compounds together with those for the popular explosives RDX and HMX. Obviously, the variation trends of r, Q, D and P were approximately the same throughout the series. That is to say, the energetic molecules with higher r and Q will also possess higher D and P. It can be predicted that r and Q (or HOFs) are always the important factors to be considered when an energetic molecule is designed. Fig. 3(a) shows the inuence of different energetic groups on density. It can be seen that the compounds that are substituted by the -NF 2 group have the highest r while the -CN, -NH 2 or -NHNH 2 substituted ones have a smaller r. When the bridge groups are -CH 2 -, -CH 2 -CH 2 -and -CH]CH-, the r values of the designed compounds are smaller than those of the directly linked ones (series A) with the same substituents. In addition, compounds with the conjugated bridge -CH]CH-are found to have higher r than the corresponding ones with the unconjugated bridge -CH 2 -CH 2 -. Oppositely, compounds with the conjugated bridge -N] N-show no regularity compared to the corresponding ones with the unconjugated bridge -NH-NH-. Overall, the effects of the bridges on the r values are coupled to those of the substituents. 
Thermal stabilities
The bond dissociation energy (BDE) for each of the possible trigger bonds was oen investigated since it is an important factor in understanding the thermally stability, guaranteeing the safety and enhancing the controllability of kinetic energy release. Generally speaking, the smaller is the energy needed for breaking a bond, the weaker is the bond, and, consequently, this chemical bond may act as the trigger bond. Previous studies have also demonstrated that the bridge or energetic groups that are attached to the side chain of a ring usually act as the initial step during the decomposition process, and, thus, some possible trigger bonds were elucidated to predict the pyrolysis mechanism of the bridged 2,2-bi(1,3,4-oxadiazole) derivatives: (1) ) for the weakest bonds of the designed compounds
Compd. BDE (69.9 kJ mol À1 ). The bond order and BDEs of all the designed compounds are summarized and listed in Table 5 . 
It reveals that the energetic groups acted as the main inuence factor on BDEs for the directly linked and -CH]CH-bridged compounds while the parent structure was the most important inuence factor for the -NH-NH-bridged ones. The average BDEs of the -NH-NHbridged ones were found to be the lowest, and, hence, it can be inferred that the introduction of the -NH-NH-bridge might decrease the thermal stability of the 2,2-bi(1,3,4-oxadiazole) derivatives. Evident regularity was also found in each series:
BDEs of the -CN, -N 3 , -NO 2 , -NF 2 , -NH 2 substituted ones in series A, B, C, E and F were higher than those of the -NHNO 2 , -NHNH 2 , -CH(NO 2 ) 2 and -C(NO 2 ) 3 substituted ones. In view of the inuence of energetic groups, -CN was the most effective group in improving the BDEs of an energetic material while the -NHNH 2 group acted on the opposite side. It is well known that a promising high-energy-density material should not only have superior detonation properties to those of RDX or HMX, but should also possess acceptable thermal stability. Taking both detonation properties and thermal stabilities 31 into consideration, 22 compounds (A4, A6, A8, A9, B4, B9, C2, C3, C4, C5, C7, C8, C9 D4, D8, D9, E9, F4, F9, G9, H4 and H9) were nally screened as candidates for highenergy explosives with acceptable thermal stabilities.
Thermodynamic properties
As the main thermodynamic parameters, standard molar heat capacity (C 
where a, b and c are constants and are summarized in Table 6 . It is seen that C q p,m , S q m and H q m of all the designed compounds improved as the temperature increased. However, there existed differences in the growth rates of these parameters. The case is that the growth rates C q p,m and S q m decreased evidently as the temperature increased while the growth rate H q m increased. The reason is that the translations and rotations of chemical bonds were the main inuencing factors at a low temperature while vibrational movement occurred and intensied at a high temperature. At certain temperatures, it was also found that the values of these thermodynamic parameters increases as the 
Conclusions
In this study, a series of bridged 2,2-bi(1,3,4-oxadiazole) energetic derivatives were designed and investigated by the density functional theory method at B3LYP/6-311G(d,p) level. The substitution of -CH 2 -, -O-and -CH 2 -CH 2 -bridges improves the HOMO-LUMO gap while the -N]N-bridge decreases the values. Most of the designed compounds (except for B5, D4, D5, E4, E5 and F5) possess high positive heats of formation (range from 15.4 to 1148.6 kJ mol À1 ). The -N 3 and -NH-groups act as effective structural units for increasing the solid-phase heats of formation of these derivatives. The calculated detonation properties show that the -NF 2 and -NH-groups can improve the heats of detonation, detonation velocities and detonation pressures evidently. The analysis of the bond dissociation energies suggests that most of the designed compounds have acceptable thermal stabilities with the values ranging from 26.3 to 522.8 kJ mol À1 . Finally, 22 compounds (A4, A6, A8, A9, B4, B9, C2, C3, C4, C5, C7, C8, C9 D4, D8, D9, E9, F4, F9, G9, H4 and H9) were selected as potential candidates for promising highenergy-density materials.
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